(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date 
7 August 2003 (07.08.2003) 




PCT 



liiiiiiiiiiiiiiiiiiiiiiiiiin^^^ 

(10) International Publication Number 

wo 03/065417 A2 



(51) International Patent Classification^: HOIL 

(21) International Application Number: PCT/US03/03203 

(22) iDternational Filing Date: 3 February 2003 (03.02.2003) 

(25) Filing Language: English 

(26) Publication Language: English 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ. BA, BB. BG, BR. BY. BZ, CA, CH. CN, CO, CR. CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, H. GB, GD. GE, GH, 

GM, im, HU, ID, IL, IN, IS, JP, KE, KG, KP. KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW. 
MX, MZ, NO, NZ, OM, PH. PL, PT, RO, RU, SC, SD, SE, 
SG, SK, SL. TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, 
VC. VN, YU, ZA, ZM. ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW. MZ. SD. SL, SZ. TZ. UG, ZM. ZW), 
Eurasian patent (AM. AZ, BY, KG, KZ, MD. RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, H, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, SE, SI, 
SK, TR), OAPI patent (BF, BJ, CF, CG, CI. CM. GA. GN, 
GQ, GW, ML, MR, NE. SN, TD. TG). 

(72) Inventor; and Declaration under Rule 4.17: 

(75) Inventor/Applicant (JTor US only): KO, Cheng, C. — of inventorship (Rule 4. J 7(iv))fi»' US only 
[US/US]; 713 Skynob Drive, Ann Arbor. MI 48105 (US). 

Published: 

(74) Agents: KENNEDY, Ryan, B. et al.; Brinks Hofer Gilson — without international search report and to be republished 



(30) Priority Data: 

60/353.418 



1 February 2002 (0 1 .02.2002) US 



(71) Applicant (for all designated States except US): PI- 
COMETRIX, INC. [US/US]; 2925 Boardwalk. Ann 
Arbor, Ml 48104 (US). 



= & Lione, P.O. Box 10087, Chicago. IL 60610 (US). 



upon receipt of that report 



[Continued on next page] 



(54) Title: CHARGE CONTROLLED AVALANCHE PHOTODIODE AND METHOD OF MAKENIG THE SAME 



IT) 



28- 
26- 
24- 
22- 
20- 



iV- -'-y- -'-y- -'-y- 



r vf < •< < '< '\ '< 



\«X* N • X' ^ ' X* ^ • X* ^ 



\ • X*"^ • X* 'X* •x* 
♦ yX. y.X. ^.X. v.X. ^ 




o 
O 



(57) Abstract: The present invention includes an epitaxial structure grown on a semi-insulating InP substrate. First, a buffer layer 
is grown to isolate defects originated from substrates. Then an n-type layer is grown to serve as n-contact layer to collect electrons. 
Next, a multiplication layer is grown to provide avalanche gain for the APD device. Following that, an ultra-thin charge control 
layer is grown with carbon doping. An absorption layer is grown to serve as the region for creating electronhole pairs due to a 
photo-excitation. Finally, a p-type layer is grown to serve as p-contact layer to collect holes. 
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CHARGE CONTROLLED AVALANCHE PHOTODIODE AND METHOD OF 

MAKING THE SAME 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to the field of semiconductor- 
based photodetectors, and more specifically to an optimized avalanche photodlode 
and a method of making the same. 

BACKGROUND AND SUMMARY OF THE INVENTION 

[0002] Owing to the known interaction between photons and electrons, great 
advances have been made in the field of photodetectors in recent years, particularly 
in those photodetectors that utilize semiconductor materials. One type of 
semiconductor-based photodetector is termed an avalanche photodiode, or APD. 
This type of structure Is generally composed of a number of solid semiconductive 
materials that serve different purposes such as absorption and multiplication. 
[0003] The APD structure provides the primary benefit of large gain through 
the action of excited charge carriers that produce large numbers of electron-hole 
pairs in the multiplication layer. However, an APD is so efficient at producing large 
numbers of charge can^iers that it runs the risk of becoming saturated, thus 
adversely affecting the bandwidth of the device. In order to prevent charge carrier 
breakdown, it is imperative that the electric field be regulated within the APD itself, 
and in particular it is desirable to have the electric field in the multiplication layer be 
significantly higher than that in the absorption layer. 

[0004] Traditionally, a separate absorption, grading, charge, multiplication 
(SAGCM) APD utilizes a grading layer to minimize hole trapping at the 
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heterojunction interface and a charge control layer to separate the electric field 
between the absorption and the multiplication layers. Design of this charge control 
layer is extremely critical in that it should allow for a high enough electric field 
strength to initiate impact ionization in the multiplication layer while keeping the 
electric field in the absorption layer low in order to prevent tunneling breal<down. 
[0005] For example, an SAGCM APD structure with an n-type multiplication 
layer, electrons are multiplied and a p-type doping is required to act as the charge 
control layer. However, a conventional beryllium or zinc p-type doping method 
requires a relatively thick charge control layer because of the high diffusion 
coefficient associated with beryllium and zinc. Due to this thick charge control 
region with lower doping, the carrier transit time across the charge control layer is 
increased, thereby reducing the overall speed of these APD devices. 
[0006] By way of comparison, in the present invention the limitations manifest 
in a beryllium or zinc charge control layer are overcome by utilizing carbon doping. 
This solution results in an ultra-thin charge control layer while increasing the speed 
of the photodetector. Since carbon has a very small diffusion coefficient, a precise 
doping control can be achieved to realize a charge sheet within an ultra-thin layer of 
1 00 angstroms or less. 

[0007] The present invention includes an epitaxial structure grown on a semi- 
insulating inP substrate. First, a buffer layer is grown to isolate defects originated 
from substrates. Then an n-type layer is grown to serve as n-contact layer to collect 
electrons. Next, a multiplication layer is grown to provide avalanche gain for the 
APD device. Following that, an ultra-thin charge control layer is grown with carbon 
doping. An absorption layer Is grown to serve as the region for creating electron- 
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hole pairs due to a photo-excitation. Finally, a p-type layer is grown to serve as p- 
contact layer to collect holes. Further embodiments and advantages of the present 
invention are discussed below with reference to the Figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] Figure 1 is a perspective view of a charge controlled avalanche 
photodiode in accordance with one aspect of the present invention. 
[0009] Figure 2 is a graph depicting the spatial dependence of an electric field 
placed across the depth of a charge controlled avalanche photodiode. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0010] In accordance with a preferred embodiment of the present invention, 

an epitaxial structure is provided for photoconductive purposes. The 

photoconductive structure is an avalanche photodiode (APD) that is optimized for 

increased performance through a charge control layer. The particulars of the 

structure and method of manufacture of the present invention are discussed further 

herein. 

[0011] Referring to Figure 1, a perspective view of a charge controlled APD 
10 is shown in accordance with the preferred embodiment. A substrate 12 is 
provided as a base upon which the epitaxial structure is deposited. The charge 
controlled APD 10 of the present invention may be manufactured in a number 
suitable fashions, including molecular beam epitaxy and metal organic vapor phase 
epitaxy. 

[0012] The substrate 12 may be composed of a semi-insulating material or 
alternatively the substrate may be doped Indium Phosphate (InP). A buffer layer 14 
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is disposed above the substrate 12 to isolate any structural or chemical defects of 
the substrate 12 from the remaining structure. 

[0013] An n-type layer 16 is disposed upon the buffer layer 14 to serve as an 
n-contact layer and thus collect electrons cascading through the charge controlled 
APD 10. The n-type layer may be composed of one of Indium Phosphate (InP) or 
Indium Aluminum Arsenide (InAIAs). Disposed upon the n-type layer 16 Is a 
multiplication layer 18 composed of InAIAs. The multiplication layer 18 provides the 
avalanche effect in which the cunrent density of the electrons is amplified, thereby 
providing the APD gain. 

[0014] , A charge control layer 20 is disposed upon the multiplication layer 18 
in order to isolate the multiplication layer 18 from the top layers of the charge 
controlled APD 10. In the prefenred embodiment, the charge control layer 20 Is 
composed of carbon-doped InAIAs. The charge control layer 20 is deposited only to 
a thickness of less than 100 angstroms. It is possible that the charge control layer 
20 could be as few as 2 angstroms in thickness, thus representing a two- 
dimensional charge sheet. Preferably, therefore, the charge control layer 20 
between 2 and 100 angstroms In thickness. 

[0015] Two digital graded layers 22, 26 are disposed beneath and above an 
absorption layer 24 in order to minimize any can-ier trapping due to the bandgap 
between Indium Gallium Arsenide (InGaAs) and InAIAs materials. The first digital 
graded layer 22 is disposed upon the charge control layer 20. The absorption layer 
24 utilized for creating electron-hole pairs Is disposed upon the digital graded layer 
22. The second digital graded layer 26 is then disposed upon the absorption layer 
24. 
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[0016] In the preferred embodiment, both the first and the second digital 
graded layers 22. 26 are composed of Indium Aluminum Gallium Arsenide 
(InAIGaAs). The absorption layer 24 is composed of InGaAs in order to maximize 
the number of eiectron-hole pairs produced through photo-excitation. 
[0017] A p-type layer 28 serving as a p-contact layer Is disposed on the 
second digital graded layer 26 in order to collect holes in a manner analogous to the 
n-type layer 16. The p-type layer 26 is preferably one of InP or InAIAs, as described 
above for the n-type layer 16. In related embodiments, the p-type layer 28 and the 
n-type layer 16 may be of the same material, or alternatively, they may be composed 
of differing materials within the set of InP or InAIAs. 

[0018] The charge controlled APD 10 described with reference to Figure 1 
provides much improved perfomnance over a typical epitaxial APD. In particular, the 
charge control layer 20 Is particular adept at maintaining a high electric field in the 
multiplication layer 18 while maintaining a low electric field in the absorption layer 
24. 

[0019] Figure 2 is a graph representative of electric field values measured for 
dependency upon depth in the charge controlled APD 10 against various voltage 
bijases. In particular, it is notable that the absorption layer 24 is typically disposed 
between 0.25 and 1 .25 |jm from the surface of the p-type layer 28. Similarly, the 
multiplication layer 18 may be disposed between 1.25 and 1.75 [im from the surface 
of the p-type layer 28. 

[0020] Accordingly, it Is evident from Figure 2 that the charge control layer 20, 
disposed between the absorption layer 24 and the multiplication layer 18. is 
responsible for a increase in the electric field between the respective layers. In 
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particular, for a -5V bias, the electric field in tlie absorption layer 24 is approximately 
zero, wliereas the electric field in the multiplication layer 1 8 is on the order of -1 .75 x 
10^ V/cm. For a voltage of -30 volts, the electric field in the absorption layer 24 is 
approximately -1 .0 x 10^, whereas the electric field in the multiplication layer 18 is on 
the order of -5.0 x 10^ V/cm. Moreover, as the thicl<ness of the charge control layer 
20 is less than 100 angstroms, it also provides substantially decreased carrier transit 
time, resulting in overall efficiencies in the APD response time. 
[0021] As described, the present invention consists of an avalanche 
photodiode having a charge control layer. In particular, the charge control layer is 
carbon-doped and less than 100 angstroms in thickness, thereby providing an 
increased electric field gradient between the absorption and multiplication layers of 
the device. It should be apparent to those skilled in the art that the above-described 
embodiments are merely illustrative of but a few of the many possible specific 
embodiments of the present Invention. Numerous and various other an^angements 
can be readily devised by those skilled in the art without departing from the spirit and 
scope of the invention as defined in the following claims. 
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CLAIMS 

1 . An avalanche photodiode comprsing: 

an absorption layer disposed on a substrate layer; 
a muitiplication layer disposed on the substrate layer; and 
a carbon-doped charge control layer disposed between the absorption 
layer and the multiplication layer. 

2. The avalanche photodiode of claim 1 wherein the absorption layer Is 
disposed between a first digital graded layer and a second digital graded layer. 

3. The avalanche photodiode of claim 1 further comprising an n-type 
contact layer disposed between the multiplication layer and the substrate. 

4. The avalanche photodiode of claim 1 further comprising a p-type 
contact layer. 

5. The avalanche photodiode of claim 1 further comprising a buffer layer 
disposed between the n-type contact layer and the substrate. 

6. The avalanche photodiode of claim 1 wherein the absorption layer Is 
InGaAs. 

7. The avalanche photodiode of claim 1 wherein the multiplication layer is 
InAIAs. 

8. The avalanche photodiode of claim 1 wherein the carbon-doped 
charge control layer is carbon-doped InAIAs. 

9. The avalanche photodiode of claim 1 wherein the carbon-doped 
charge control layer is between 2 and 100 angstroms in thickness. 
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10. The avalanche photodiode of claim 1 wherein the carbon-doped 
charge control layer Is between 5 and 50 angstroms in thickness. 

11. The avalanche photodiode of claim 1 wherein the carbon-doped 
charge control layer Is between 5 and 35 angstroms in thickness. 

12. The avalanche photodiode of claim 2 wherein the first digital graded 
layer is InAIGaAs. and further wherein the second digital graded layer Is InAIGaAs. 

13. The avalanche photodiode of claim 3 wherein the n-type contact layer 
is one of InP or InAIA. 

14. The avalanche photodiode of claim 4 wherein the p-type contact layer 
is one of InP or InAIAs. 

15. A method of fabricating an avalanche photodiode comprising the steps 

of: 

providing a substrate layer; 

depositing a multiplication layer; 

depositing a carbon-doped charge control layer; and 

depositing an absorption layer. 

1 6. The method of claim 1 5 further comprising the step of depositing an n- 
type layer to collect electrons. 

17. The method of claim 15 further comprising the step of depositing a p- 
type layer to collect holes. 

18. The method of claim 15 further comprising the step of depositing a 
digital grading layer to prevent carrier trapping between bandgap offsets. 
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19. The method of claim 15 further comprising the step of doping an 
InAIAs material with carbon. 
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(57) Abstract: The present invention includes an epitaxial structure (16) grown on a semi-insulating InP substrate (12). First, a 
buffer layer (14) is grown to isolate defects originated from substrates (12), Then an n-type layer (18) is grown to serve as n-contact 
layer to collect elections. Next, a multiplication layer (20) is grown to provide avalanche gain for the APD device (10). Following 
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